Abstract -This paper deals with the analysis, design, and implementation of a single phase AC-DC Zeta converter with high frequency transformer isolation and power factor correction (PFC) in two modes of operation, discontinuous current mode of operation (DCM), and continuous current mode of operation (CCM). A Digital Signal Processor (DSP) based implementation is carried out for validation of the Zeta converter developed design in discontinuous mode of operation. A comparison of both modes of operation is presented for a 1kW power rating from the point of view of steady state and dynamic behavior, power quality, simplicity, control technique, device rating, and converter size. The experimental results of a developed prototype of Zeta converter are presented for validation of the developed design. It is observed that CCM is most suitable for higher power applications where it requires some complex control and sensing of the additional variables.
Introduction
The conventional technique of AC-DC conversion using a diode rectifier with bulk capacitor is no longer in use due to numerous problems such as low order harmonics injection into AC power supply, low power factor, high peak current, line voltage distortion, increased electromagnetic interference, extra burden on lines, and additional losses [1] . Many new topologies have been introduced which not only overcome these drawbacks, but establish some attractive features for AC-DC rectification with different level output voltages. A boost converter is most widely used for this purpose due to its simple circuitry and easy control, which can be implemented effortlessly with available ICs. However, some applications require the high frequency isolation with various levels of output voltage. In recent years, single stage AC-DC power converters such as Flyback, Cuk, SEPIC, and Zeta converters have been widely used for PFC where drawbacks of the boost converter are nicely addressed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
A Zeta converter lacks wide attention and available literature is limited. The discontinuous conduction mode of the converter is nicely presented in [2] . Some authors [3] [4] [5] [6] [7] [8] have also discussed its continuous conduction mode. The purpose of this paper is to present the operation and behavior of the Zeta converter in continuous and discontinuous conduction mode with two distinct control methods, voltage follower and average current mode control for DCM and CCM respectively, and to analyze the converter operation and performance of a Zeta converter in detail from various points of view in both modes.
Analysis and Control of Zeta Converter in DCM
In this section, operation and control of a Zeta converter in DCM mode is analyzed.
Analysis of Zeta Converter in DCM
A Zeta converter with high frequency transformer isolation is shown in Fig. 1a . The switching frequency is considered much higher than line frequency so that averaged quantities over a switching cycle can be considered in place of instantaneous quantities.
Three equivalent circuits for DCM are shown in Figs. 1b(i), (ii), and (iii) for three stages of operations. DCM introduces a third switching stage in which the sum of transformer magnetizing current is referred to the secondary side of the transformer and output inductor current is zero for a specified period before the beginning of the next cycle. Thus diode current approaches zero and the converter enters discontinuous conduction mode. Fig. 1c shows the ideal waveforms for voltage and current of the magnetizing inductance and output inductors in DCM.
To simplify the analysis, all quantities are referred to the primary side of the transformer. The volt-second balance gives the following equality:
where v o ' and v 1r are output voltage (referred to primary) and rectified input voltage, respectively. The d is the duty ratio and d 1 T s is the diode conduction period, during which inductor currents decrease linearly. Assuming 100% efficiency for simplification, the current ratio is:
where i m and i Lo ' are the magnetizing current and output inductor current referred to in the primary side of the transformer.
First Stage of Operation
When the switch is on, currents through the magnetizing inductance and the output inductor increase linearly with the voltage across them equal to the input voltage. The equations of magnetizing and output inductor currents for the interval 0<t<dT s (referring to Fig. 1b (i) ) are given as:
where i is the minimum input inductor current. L m and L o ' are magnetizing inductance and output inductor referred to in the primary side, respectively.
Second Stage of Operation
When the switch is off, the two inductor currents decrease linearly with the voltage across them equal to output voltage. Referring to Fig. 1b(ii) and Fig. 1c , inductor currents are given as:
Third Stage of Operation
This is the stage when the diode current is zero. Averaged input and output inductor currents over a switching period can be given as: 
Sum of the input and output inductor currents is given as:
where,
By substituting the expression in Eqn. (2) into Eqn. (9), one gets:
After simplification it gives:
It can be written as:
where, 
since the average current of energy transfer capacitor (C 1 ) is zero. Therefore average input current is the average magnetizing current, thus from Eqn. (13), it is clear that by keeping the duty cycle and switching frequency constant, the average input current in the Zeta converter in DCM follows the input voltage exactly thus emulating a resistor and this is known as voltage follower technique. Therefore, the Zeta converter behaves as an ideal current shaper, and performs current shaping automatically with no control when operating in DCM.
Control Technique of Zeta Converter in DCM
In DCM, the voltage follower approach is applied for the PWM control of the converter. The operation of the Zeta converter in DCM uses a simple control technique, which requires sensing of output voltage only. There is only one control loop and no current feedback is required, thus making the control technique simpler and known as voltage follower approach.
The output voltage regulation is provided by the feedback loop as shown in Fig. 1a , where the output voltage is compared with a reference V ref value and the error is amplified in a P-I controller which is further compared with a saw-tooth ramp V s , thus providing the pulses to power switch. The control provides regulated output voltage with automatic current shaping where the voltage regulation is provided by controlling duty ratio d and current shaping is achieved by emulating a resistor where duty ratio and emulated resistor are both functions of control signal V c .
Analysis and Control of Zeta Converter in CCM
In this section, operation and control of the Zeta converter in CCM mode is analyzed.
Analysis of Zeta Converter in CCM
Figs. 2a, 2b, and 2c show the control technique, switching networks, and voltage and current waveforms of the magnetizing inductance as well as an output inductor, respectively in CCM. The operation of a Zeta converter in CCM is analyzed with the help of a switching network shown in Figs. 2b(i), (ii) for various modes of operation.
First Stage of Operation
It begins when the switch is turned on at t = 0, the equivalent circuit of which is indicated in Fig. 2b 
Second Stage of Operation
It begins when the switch is turned off. The equivalent circuit is shown in Fig. 2b (ii). In this mode, capacitors C 1 and C o are charged through L m and L o respectively, thus two inductor currents start decreasing linearly. CCM mode is analyzed. Fig. 2a shows the circuit diagram of the buck-boost PFC Zeta converter circuit with average current mode control. It includes an inner current loop and an outer voltage loop. The PFC is achieved by tracking the average current to a reference value generated by multiplying the output of voltage error amplifier and a fraction of rectified input voltage. Clearly, this is a complex control scheme with additional variable sensing requirements.
Control Techniques of Zeta Converter in CCM

Design of Zeta Converter in DCM and CCM
The design of the Zeta converter can be obtained by considering it as a DC-DC converter in very special conditions where the input DC voltage varies continuously during the line cycles with the output voltage being constant. The design procedure is presented here for both modes of operation.
The design of the converter depends whether it is working in discontinuous or continuous conduction mode. The transfer function of the Zeta converter in DCM is given as:
where n is the turn ratio. From Fig. 1b , for DCM operation,
From Eqns. (16) and (17) for the desired maximum duty ratio at minimum input voltage, the turn ratio can be obtained by satisfying the following inequality,
However, it also affects the voltage stress across the switch. Thus a compromise is made between d max and voltage stress across the switch to get the turn ratio. The transformer magnetizing inductance is an important factor in deciding the mode of operation. The mode of operation depends upon the equivalent inductance L eq , which is the parallel combination of the magnetizing inductance and an output inductance. However, the output inductor has a reasonable effect on output voltage ripple, thus it is significantly larger than the magnetizing inductance and thus the mode of operation mainly depends upon magnetizing inductance. In order to ensure DCM at maximum load, the following condition must be satisfied:
where R Lmin is the minimum value of the load resistance and f s is the switching frequency. The output inductor, L o is selected on the basis of maximum ripple allowed in the output current.
where Δi Lo is the ripple in the output current in Amperes. Once L o is determined, the magnetizing inductance of the transformer is found by Eqn. (19) and the following equality: The output capacitor is selected on the basis of maximum peak-to-peak ripple in output voltage (r v ) as:
An input filter is required to reduce the ripple in the input current. A large value of input capacitor distorts input current waveform as the current becomes discontinuous due to the fact that reactive energy of capacitor C f cannot be fed back to input supply in the presence of a unidirectional diode bridge. Thus a small value of an input filter capacitor should be selected.
For the CCM, the transfer function is given as:
Thus in a similar manner as in DCM, for desirable maximum duty ratio, turn ratio is determined. However, equivalent inductance of the transformer is defined by satisfying the following inequality [6] :
Other components are designed in a similar manner as in DCM. For both modes of operation,
The peak voltage across the switch is given as:
The peak voltage across the diode can be given as:
However, the leakage inductance causes high voltage spikes across the devices, which should be taken into consideration in device selection.
Results and Discussion
In order to demonstrate the converter performance in both modes of operation of DCM and CCM, a 1kW converter prototype is designed with the following specifications: Input: Following the design procedure presented above, the converter parameters for DCM are:
Transformer turn ratio (n) 5:1, Magnetizing inductance L m =100μH, L o =10mH, C 1 =10μF, C o =22mF, L f =3mH and C f =100nF.
Simulation Results
A simulation is performed for both modes of operation using PSIM software, which is a CAD software package, developed specifically for power electronics and applications of motor drives. Fig. 3a shows the source voltage and source current for full load condition (1kW) in DCM. From these curves and Table I , it is clear that the input current follows the input voltage and the circuit behaves as a resistor emulator. The THD of the input current is observed to be 4.98% in DCM. A reasonably high power factor is achieved of the order of 0.9975 at full load in DCM. Fig. 3b displays the harmonic spectrum of the source current. From this figure, it can be observed that harmonic currents are reduced resulting in high level of power quality at AC mains. The steady state output voltage is presented in Fig. 3c in which the output voltage ripple is observed to be about 1.99% at full load.
The switch voltage and its current are shown in Fig. 3d for full load condition in DCM. Here, an important point to note is the occurrence of a high level of stress (28A) on the device in DCM. Normalizing the device peak current to the peak of the source current, its normalized value is 4.15pu, which is quite high. Fig. 4a displays source voltage and source current for 10% loading condition (100W) in which the THD of AC current is about 11%. The source current harmonic spectrum at 10% load in DCM is shown in Fig.  4b . In order to study the control loop functionality and dynamic behavior of the converter, the source voltage and source current are revealed in Fig. 5a for the sudden application of 100% load and then removal of load (10%-100%-10% load change) in DCM. The output voltage and current are shown in Fig. 5b .
Similarly, the Zeta converter with identical specifications is designed in CCM. The designed parameters for CCM are as follows:
Transformer turn ratio (n) 5:1, Magnetizing inductance L m =2mH, L o =8mH, C 1 =10μF, C o =22mF, L f =5mH and C f =150nF. Simulation results are presented in Figs. 6a-6e and Table  I for CCM at full load (1kW) to demonstrate the power quality. Fig. 6a shows the source voltage and source current for full load condition in CCM. The THD of the input current is observed to be 1.36% and the power factor is around 0.998, which is quite high. Fig. 6b displays the harmonic spectrum of the source current, which shows the presence of a small magnitude of third harmonics in the input current.
The steady state output voltage at full load condition in CCM is shown in Fig. 6c . The output voltage ripple is observed to be 1.98%. Fig. 6d indicates voltage across the switch and current through the switch in CCM.
The peak current through switching device is observed to be 12A. Normalizing it to source peak current, its normalized value is 1.75 pu, which is quite low in comparison to 4.15 pu in DCM as shown in Table I . The diode peak current in CCM is 60A as indicated in Fig. 6e as compared to 135A in DCM. Fig. 7a presents source voltage and source current for 10% loading condition (100W) in CCM. The THD of source current is about 9.2%. Fig. 7b displays the source current harmonic spectrum at 10% load in CCM. Dynamic performance of the converter is observed under application and removal of load (10%-100%-10% load change) in CCM as revealed in Figs. 8a and 8b. From these results, it can be observed that there is little difference in output voltage on application of the load, which recovers in a few cycles due to the action of a closed loop controller. Moreover, the control action in CCM is better than in DCM in view of voltage regulation as well as fast response with load changes. However, size of the converter in CCM is larger than in DCM where it requires smaller magnetizing inductance and other components.
Various waveforms given for DCM and CCM clearly dictate that DCM imposes very high switching device stresses (4.15pu) as compared to CCM, where the device rating is significantly reduced (1.75pu).
Before making the final conclusion, it would be better to discuss the features and requirements of the converter. The power level specified in this case is sufficiently high (1kW). In addition some overload capacity is also provided. It should also give good performance in the wide operating range i.e. from 10% to 100% loading conditions. From these results and observations, it is clear that for higher power application, an input current THD, power factor, and ripple factor are superior in CCM than in DCM operation. Moreover, for such a high power operation, the device stresses in DCM are much higher. The CCM provides all the benefits of the current control as compared to the voltage mode such as improved dynamic performance and enhanced line regulation, etc. However, in view of simple control, reduced sensing requirement, circuit simplicity and size of the converter, the DCM is better than the CCM which can easily be used in small power applications. 
Experimental Validation
The test results are obtained from the developed transformer isolated AC-DC Zeta converter. The experimental setup used for the validation of developed design in DCM of operation is shown in Fig. 9 . The performance of a Zeta converter and power quality at AC mains is observed with 200W resistive load and it is shown in Figs. 10a-b 
Conclusion
The analysis, design, and DSP based implementation of an AC-DC Zeta converter have been carried out to demonstrate power quality improvement in both modes of operation, namely DCM and CCM. The DCM plays an important role with simple control technique in AC-DC conversion with high level of power quality in low power applications. However, for high power applications, the CCM of a Zeta converter is most suitable due to less device stresses and improved performance. 
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